Abstract
Biomaterials composed of hydroxyapatite (HA) are currently used for the treatment of bone defects resulting from trauma or surgery. However, hydroxyapatite supplied in the form of a paste is considered a very convenient medical device compared to the materials where HA powder and liquid need to be mixed immediately prior to the bone treatment during surgery. In this study we have tested a series of hydroxyapatite (HA) pastes with varying microstructure and different rheological behaviour to evaluate their injectability and biocompatibility. The particle morphology and chemical composition were evaluated using HRTEM, XRD and FTIR. Two paste-types were compared, with the HA particles of both types being rod shaped with a range of sizes between nm while differing in the particle aspect ratio and the degree of roundness or sharpness. The pastes were composed of pure HA phase with low crystallinity. The rheological properties were evaluated and it was determined that the pastes behaved as shear-thinning, non-Newtonian liquids. The difference in viscosity and yield stress between the two pastes was investigated. Surprisingly, mixing of these pastes at different ratios did not alter viscosity in a linear manner, providing an opportunity to produce a specific viscosity by mixing the two materials with different characteristics.
Biocompatibility studies suggested that there was no difference in in vitro cell response to either paste for primary osteoblasts, bone marrow mesenchymal stromal cells, osteoblast-like cells, and fibroblast-like cells. This class of nanostructured biomaterial has significant potential for use as an injectable bone graft substitute where the properties may be tailored for different clinical indications.
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Hydroxyapatite (HA) is an important calcium phosphate bioceramic with the chemical formula Ca 10 (PO 4 ) 6 (OH) 2 . Poorly crystalline rod-like nano-hydroxyapatite is the main mineral component of bone where it is dispersed in the matrix of collagen fibrils, and it amounts up to 65% of total bone mass of the vertebrates [1, 2] . Synthetic hydroxyapatite mimics some of the features of a biological apatite and has significant potential to be an excellent bone replacement material due to its exceptional biocompatibility and osteoconductivity [3, 4] . Hydroxyapatite-containing biomaterials are therefore widely employed for the treatment of bone defects [5, 6] . Most commercial systems are presented as macro-scale particles or blocks, and it is only relatively recently that nanoscale hydroxyapatite and related materials have found wider clinical use in an injectable form. In the early 1980s, one approach to obtain an injectable material was to use one or more calcium orthophosphate compounds and water (or aqueous solution) as starting materials, and to introduce these precursors into the bone defect area via a delivery device (normally a syringe) where they eventually underwent transformation into a monolithic hydroxyapatite via self-setting in the cavity [7] [8] [9] . Subsequently, an alternative approach was to combine a hydroxyapatite powder with an additive (normally organic dispersants to prevent agglomeration of the ceramics) to improve its injectability properties [10] . In this case, no setting reaction occurred but a relatively high pH was required to stabilise the suspension [11] .
While these earlier forms of hydroxyapatite have made a significant contribution to bone surgery for many decades, they have each suffered from limitations or drawbacks. Block and larger particulate devices are not injectable making them more difficult to place, and in some sites there is a greater risks of exfoliation or infection. Calcium phosphate cements offer opportunities for minimally invasive procedures and injection, but some formulations have suffered from serious biocompatibility issues including embolism and injuries to patients during surgery [12] .
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More recently, a number of commercial injectable materials based on the combination of nanoscale hydroxyapatite and water have been launched onto the market that do not suffer from the serious drawbacks associated with calcium phosphate and related cements. Published data is encouraging, with evidence of good biocompatibility, osteoconductivity, and excellent safety [13, 14] . While a number of papers now describe the preparation of nanohydroxyapatite systems and their properties [14, 15] , there have been no detailed studies that combine rheological and morphological investigations to better understand structure-property relationships in this new class of biomimetic medical device.
Thus, we prepared novel water-based non-setting hydroxyapatite pastes similar to those that are commercially available as bone graft substitutes. These pastes do not require the addition of organic solvents or dispersants to stabilise the colloidal system in order to prevent setting, ageing or phase separation during the injection. The main aim of this research was therefore to investigate the morphological and rheological properties of these nanoscale hydroxyapatite pastes, allowing for tailored viscosities which match the requirements of clinicians for various indications in dental and orthopaedic surgery. As a result, we attempted to identify approaches to better control injectability by changing particle size and shape of the constituent hydroxyapatite without detriment to biocompatibility.
Materials and methods
Nano-hydroxyapatite preparation
Materials for this study were prepared as described in [16] . 
reactor [17] at the Ca/P molar ratio of 5:3 under controlled pH conditions (pH = 11-12 which was adjusted using KOH aqueous solution (assay > 85.0% pellets, Sigma)). The concentration of KOH used for the pH adjustment was the same for all the materials prepared. The resulting slurries were washed several times in order to remove the residual K + and Cl -ions and further concentrated to reach a condition of a viscous paste with the final concentration of 38 wt% for all materials studied.
The pastes were given codes BP-1 (synthesised at 30±1°C) and BP-2 (synthesised at 27±1°C), differing from one another at nano-level in particles size and shape, as well as in rheological properties. The equality of the solid content loading (in wt%) for both BP-1 and BP-2 pastes was verified using thermogravimetric analysis (vide infra).
A proportion of both materials were dried at 60 °C and ground in agate mortar and pestle for morphological studies. An aliquot of the materials was calcined in a furnace at 1000 °C for 2 hours (at heating rate of 10 °C·min ) in order to evaluate their thermal stability.
Materials characterisation
Fourier Transform Infrared (FTIR) spectra were acquired using Bruker ALPHA's Platinum Attenuated Total Reflectance (ATR) FTIR spectrometer equipped with a single reflection diamond ATR module.
The spectra were recorded in the absorbance mode from 4000 to 375 cm -1 at 1 cm -1 resolution averaging 128 scans.
X-ray powder diffraction (XRPD) patterns were acquired using a Siemens D5000 Diffractometer operating at 40 kV and 40 mA with Cu K  radiation. Both paste materials and calcined powders were examined using an X-ray transparent Poly(methyl methacrylate) (PMMA) sealed cap sample holder.
A X P H " P of the K -2 component was carried out when appropriate.
Samples for the transmission electron microscopy (TEM) characterisation were prepared by dispersing a dry powder of BP-1 and BP-2 onto a holey carbon film supported by a 300 mesh copper
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Cell culture and PrestoBlue® assay
Reagents were purchased from Sigma-Aldrich unless otherwise stated. Human osteoblast-like cells, Tecan, Reading, UK) at wavelengths of 560 nm and 590 nm for excitation and emission respectively.
Results
Materials characterisation
The most common and informative techniques for a comprehensive evaluation of the chemical composition and structure of the materials used in the bioceramic research area are: X-ray methods (XRD), spectroscopic tools (FTIR or Raman), microscopy (TEM or SEM), thermal methods (TGA) as well as rheometer for evaluation of viscosity and flowability properties [18, 19] .
Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
A C C E P T E D M A N U S C R I P T 9 Fig. 1 shows the ATR-FTIR spectra of both BP-1 and BP-2 materials. Most of the active bands which are located in the area between 1200 and 400 cm -1 match previously reported data for hydroxyapatite, and are compatible with the imperfect microstructure found by the other techniques. Thus, the region between 1200-900 cm -1 is typical for phosphate stretching, 600 cm -1 for phosphate bending, whereas 3571 and 632 cm -1 are that of hydroxyl vibrations [20] [21] [22] . The broad band in the region between 3500 and 3000 cm -1 is assigned to water vibrations. Interestingly, carbonate substitution was also detected in both samples. This corresponds to the peaks of 870 cm -1 and to the region of 1600 to 1300 cm -1 that is typical for the bending and stretching modes of the CO 3 2-group respectively.
X-Ray powder diffraction (XRPD)
The XRPD patterns of the BP-1 and BP-2 pastes as well as calcined powders are given in Fig. 2 . The results indicated that the only phase present in the paste samples ( Fig. 2 a, b ) was partially crystalline hydroxyapatite (HA) with a full match to JCPDS entry 9-432 represented by broad peaks.
Pure hydroxyapatite was also detected in the calcined materials ( Fig. 2 c, d ). The sharpening of peaks and reduction of background level during calcination is indicative of the changes in materials crystallinity, which includes both grain growth and crystallisation of amorphous domains.
Thermogravimetric analysis (TGA)
The results of the thermogravimetric analysis are shown in Fig. 3 . A rapid weight loss was observed between room temperature and 400 °C for both BP-1 and BP-2 pastes (BP-2 results were identical to BP-1 and only the former is shown) which is characteristic of the release of water from the surface and lattices of hydroxyapatite particles. Above this temperature after the loss of all the liquid both BP-1 and BP-2 materials maintained constant weight of 38 wt% of dry component with no obvious signs of decomposition detected, except for a very small weight loss above 800 °C characteristic for the decomposition of carbonates. The two materials were identical to each other in terms of thermal behaviour and were thermally stable over the wide range of temperatures.
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T number of particles between the 1:1 and 2:1 ratio, while the paste BP-2 has accumulations of particles on the one hand between spherical and 2:1 ratio, but also having some exceptionally high aspect ratios above 4:1.
Transmission electron microscopy (TEM)
Fig
Rheological studies
The results of one the most typical rheological tests, where the material is subjected to a constant shear of 10 s -1 and the measurements are taken at certain intervals, are reported in ) and the measurements were performed at different temperatures. The influence of the heating/cooling of the paste on its viscosity/yield stress is shown in Table 1 .
Surprisingly, the resistance to flow of the BP-1 paste increased with the increase in temperature.
More generally, the fluidity of the material improved after cooling the paste. There is some degree of uncertainty about the linearity of this dependence, however, the general trend of the observed increase of the yield stress with increasing the temperature was distinct and reproducible.
Increase of stiffness upon heating was also found for BP-2, however, no quantitative value was available at the upper temperature due to excessive stiffness. The trend of viscosity decrease with lowering temperature is therefore general for both kinds of these non-setting water based nanoceramics systems.
As different fluidity of the materials may be preferred when performing different types of surgery, the possibility to control the initial viscosity and, in turn, the handling properties of the pastes were further explored. BP-1 and BP-2 pastes were mixed with each other at different ratios (at the stage of the slurries to provide a homogeneous mixing) and the initial viscosity was measured (see Fig. 7 ).
Another interesting and unexpected observation can be seen from these results. A non-linear change in the initial viscosity with mixing ratio has -paste I , the presence of the paste in the highest concentration has an overproportionate influence on the resulting viscosity of the mixture. No significant phase separation
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(evaluated by visual inspection of the pastes) was observed during the rheological tests and the evaporation of the solvent is excluded.
Biological evaluation
The cytocompatibility of the nanopastes was determined using an assay protocol based on the 
Discussion
Injectable non-setting nanoscale water based hydroxyapatite pastes were examined by an array of characterisation techniques aimed at the determination of composition, structure-activity correlations as well as the biological response when introducing these materials into the mammalian cell culture. The viscosity and in turn injectability properties of these materials were of a particular interest, therefore it was decided to evaluate how the properties of the materials at nano-scale influence their macroscopic, and in particular rheological, behaviour.
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Morphological studies
The hard tissue in vertebrates is predominantly made of the nanocrystalline hydroxyapatite inorganic phase (>65%) with small inclusions of carbonate anions [1] , and it is this mineral content I ne tissue, a bone graft substitute should be made of a nano-dimensional inorganic calcium phosphate phase that also has small amounts of incorporated carbonate groups.
A range of techniques were employed to examine the chemical composition and structural differences of the pastes. XRD analysis showed that both BP-1 and BP-2 pastes were made of a pure nano-hydroxyapatite phase (with significant peak broadening and raised background indicative of small crystallite size and the presence of an amorphous phase respectively), and ATR-FTIR confirmed the presence of a carbonate group in the material (Fig. 1) . Despite carbonate ions not being deliberately added during the preparation process, there are cases that report CO 2 capture from air when the ceramics is being prepared at high values of pH [23] . A second hint supporting the presence of carbonate groups comes from the TGA analysis (Fig. 3 ) that mimicked the calcination process, when during the heat treatment there was rather small but traceable weight loss (in the range of 800-900 °C). Carbonate (CO 3 2-) groups were detected in samples using ATR-FTIR as shown in Fig. 1 . It is known that ATR-FTIR is a surface technique with the penetration depth ranging from 0.3-5 microns [24] , whereas XRD is normally referred to as a bulk technique. As it was possible to detect the presence of CO 3 2-groups in the samples but no other phase was detected by the XRD (Fig.   2 ), it is likely that carbonate ions are present on the surface of the constituent hydroxyapatite particles in the form of thin solid layers. XRD and TGA results together suggested that the nanohydroxyapatite pastes were near-stoichiometric thermally stable materials that did not decompose into tricalcium phosphate when heated up to 1000C. TGA data also revealed that the ceramic loading was ca. 38% for both BP-1 and BP-2 pastes. This makes the rheological behaviour of the two materials dependant on only one parameter, namely geometry of the constituent particles ACCEPTED MANUSCRIPT
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(determined by TEM), as chemical composition and water content are in this case identical between BP-1 and BP-2.
To further demonstrate the pastes nano-crystalline nature, TEM was used to investigate differences between BP-1 and BP-2 materials at the nanoscale. The high resolution images (Fig. 4 c-d ) obtained
by HRTEM show that both materials were made of polycrystalline nanoparticles contained nanocrystallites of ca. 5 nm in diameter surrounded by amorphous pockets. The conventional TEM imaging showed that the particle size and shape were slightly different between the two materials (Fig. 4 a-b) . The difference in particle size is more noticeable than the difference in aspect ratio on average. It is likely that this difference contributes to the variations in the rheological behaviour of these materials and we discuss it in the section below.
Regarding the difference in particle shape and size for the materials prepared at different temperatures, this is a well-known phenomenon and has been widely described in the literature for inorganic nanoparticles. Notable examples include Cu [25] and CuO [26] nanoparticles prepared by temperature controlled method, where they develop various nanostructure architectures depending on the temperature used during the preparation. Cobalt ferrite (CoFe 2 O 4 ) nanoparticles [27] can also be prepared in various shapes and sizes depending on the synthesis temperature. In these cases the trend of the change in particles size is as follows: the higher is the temperature, the bigger are the resulting particulate. The same dependence is preserved in our case, as on average BP-1 particles have a noticeably higher cross sectional area compared to the BP-2 material (Fig. 5a ).
This observation may be explained either by the Ostwald ripening and Gibbs-Thomson effect [28, 29] or by oriented attachment [30] . The Ostwald ripening effect is responsible for the last phase of transition between liquid precursors into a solid hydroxyapatite particulate. When affected by a temperature increase, the smaller aggregates that have not reached the critical nucleus size can be easily dissolved due to their thermodynamic instability. This denucleation process of particles with sub-critical nucleus size eventually leads to the formation of larger particles at higher temperature,
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15 and vice versa particles of smaller sizes at lower temperatures. The oriented attachment, in turn, is a process that corresponds to the evolution of the particle size, mostly coarsening, due to the growth of the neighbouring particles that are crystallographically oriented in the same direction.
It has been reported that more than one mechanism is normally responsible for the crystal growth [30] , with the former corresponding to the dissolution of the smaller particles and the latter with the merging of the smaller crystallites. We do not therefore exclude the possibility of both mechanisms taking place when changing the synthesis temperature of hydroxyapatite. Furthermore, there may be other factors that could potentially influence the particle growth rate besides the temperature effects such as the geometry of the microfluidic reactor and reagent flow compared to the static batch methods.
Rheological behaviour
The rheological properties of the bone graft substitute are a crucial factor for efficient surgical delivery. Injectable synthetic bone graft materials ideally should have the following properties: i) to have such fluidity properties to be able to fill the gaps of the whole bone defect and ii) to be nonphase separating during the extrusion from the delivery device and to be relatively easy to handle. It should be noted that in our study we do not define injectability as ratio of the mass expelled from the syringe to the total mass before injecting [31] . Instead, we refer to it 32] By using the latter definition and in order to understand how to control the rheological behaviour of the hydroxyapatite water based pastes we have performed a series of tests using a rheometer in the rotational mode at different temperatures and different shear rates. The tests at a constant shear (Fig. 6) showed that the material BP-1 had lower initial viscosity compared to the smaller particles of BP-2 paste. This can be explained by inter-particulate interactions between the layers of the nano-HA in the aqueous solution [15] . Thus, the specific surface area of the smaller particles (BP-2) will be higher than that of ACCEPTED MANUSCRIPT
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the larger particles (BP-1). The contact area open for electrostatic/van der Waals interactions
between the particles is therefore also higher, which in turn results in the higher viscosity of the BP-2 material. Shape and size of the particles both contribute, as higher elongation at same volume, should lead to more interaction due to higher surface area.
In our case, particles constituting BP-1 and BP-2 have been approximated to be perfect ellipsoids with the longest and the shortest axes (D2 and D1 respectively, Fig. 5b ). As we experimentally observed BP-2 being more viscous than BP-1, we therefore conclude that the effect of particle size is dominant and can be an explanation for our viscosity differences between the two materials.
Further contributions to the strength of particle agglomeration would come from surface-roughness, non-convexity of particle shapes, and hierarchy of cluster-agglomeration, not accounted for in the elliptical modelling.
Steady rheological tests at variable shear rates and temperatures performed for the BP-1 paste revealed a drop in the viscosity upon cooling ( Table 1 ). The observation of the decrease in the viscosity with decrease in temperature is somewhat counterintuitive (provided that the solvent evaporation effect is excluded for our systems), however, some research groups have reported similar phenomenon. Silberberg et al. [33] reported to have observed the decrease of the intrinsic viscosity with the drop in temperature when studying diluted and concentrated aqueous solutions of some acrylate polymers. They hypothesised that the reason behind this effect may due to either changes in solvent power coupled with the exceptional gelling tendency of polymer, or due the formation of hydrogen bonds. Nguyen et al., in turn, have observed drastic changes in rheological behaviour beyond critical temperature range of 55-70 °C for the inorganic nano-particles suspensions in water (known as nanofluids) [34, 35] . They attribute this phenomenon to the deterioration of the particles suspension properties occurring during changes in temperature.
It is assumed that both explanations are applicable to our systems, as they consist of high concentrations of inorganic nano-particles suspended in water. However, HA and water both ACCEPTED MANUSCRIPT
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possess chemical groups that can be both hydrogen bond donors and acceptors. Moreover, the HA particles are assumed to be surrounded by a few layers of water [36] , and therefore the impact of the hydrogen bonding between the solvent and solute must also be taken into consideration when describing the rheological behaviour of such systems.
The surface charge, or zeta-potential, of the material can also be a factor that can help to assess the rheological behaviour [37] . For viscous hydroxyapatite suspensions in water it normally has a negative value [38] unless the pH of the material is modified or certain deflocculants are added [39] to prevent agglomeration and to stabilise the particles in the liquid phase. As we do not introduce any additional component into our bi-phasic system, it seems that in our case it is possible that the particle shape and size may have an effect on the surface charge and therefore influence the viscosity measurements. Most likely, in our materials the inter-particle repulsion forces, as well as the layers of water surrounding each particle, prevent agglomeration and also allow the pastes to flow. However, the fluidity is different between the two materials due to the differences in particle geometry which determines the amount of functional groups exposed on the surface. The presence of functional groups and water layers leads to a formation of an energy barrier created by the equilibrated van der Waals attractive and electrical double layer repulsive forces between the particles that stabilises the system and prevents coagulation.
As we aimed to assess the possibility of controlling the viscosity, and therefore injectability, of the material, it was decided to combine the BP-1 and BP-2 materials to evaluate the resulting viscosity of the mixes. As described in section 3.1.5 it is a homogeneous mixture due to mixing occurring at the stages of diluted slurry and therefore the formation of discrete domains can be excluded.
Interestingly, after the addition of a material with higher viscosity to the material with lower viscosity at ratio 1:3 ( These results suggest that in order to reach the desired handling properties of the shear thinning pastes during surgery, a simple mixing of the initial materials with known viscosities will not result in a linear change of this parameter. We believe that the phenomenon is much more complicated and would require significant further studies on electrostatic interactions of the particles in order to fully control the injectability of the materials.
Cell culture
The nano-paste conditioned media had caused a small but significant inhibition of metabolic activity in HOB, ROS and L929 cells. No significant effects were observed on the other cell types used. It is widely reported in the literature that, under certain culture conditions and concentration of nano-HA, a small decrease in cellular metabolic activity/increase in cytotoxicity is observed. This is thought to be due to numerous factors including the shape and size of the particles [40] [41] [42] . In this study, some inhibition (up to 30%) of metabolic activity (indicative of the viability of the cells) was observed in some cell-types. The reason for this is as yet unknown but might be due to intrinsic differences in membrane morphology, expression of inflammatory cytokines and/or extent of particle-cell association [42, 43] or the stage of cell differentiation.
As previously discussed, differences in particle morphology and subsequent rheology were observed for BP-1 and BP-2. However, no difference in the cellular response to PrestoBlue® was found suggesting that particle morphology may not play a role in osteoblast cytotoxicity.
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Conclusions
This paper presents a detailed study of the rheological and morphological properties of non-setting hydroxyapatite pastes that could be considered for use as water-based, nanoceramic medical device for bone tissue regeneration. The pastes were stable, or non-phase-separating, colloid systems that were fabricated solely from nano-HA and water as a solvent, with no dispersants added to improve the injectability. The morphology of the materials was investigated using XRPD, TGA, TEM and ATR-FTIR, indicating that the solid component of the pastes consisted of a stoichiometric nanoscale hydroxyapatite with small inclusions of carbonate. Differences in particles sizes, shapes, and aspect ratios were shown to be determinants of rheological behaviour in the pastes, but at the same time these factors had no significant effect on in vitro biocompatibility. This investigation of the rheological behaviour of the pastes showed that the viscosity, and therefore the injectability, can be manipulated by combining the materials with different particle sizes and shapes in order to reach the desired fluidity without the need for additives. It was concluded that this type of nanostructured biomaterial has the potential to be used as an injectable bone graft substitute where the properties may be tailored precisely for different clinical indications. 
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